The opportunistic pathogen
Introduction
Because of their ability to specifically bind to complex carbohydrates on cell surfaces, lectins are proteins that are part of the strategies adopted by pathogens for binding and adhering to host tissues (Sharon 1996 (Sharon , 2006 . Apart from well-defined toxins and fimbrial adhesins, several soluble lectins have recently been characterized in opportunistic bacteria . Among them, the PA-IIL family, first purified from Pseudomonas aeruginosa (Gilboa-Garber 1982) , has been identified in other gram-negative bacteria such as Chromobacterium violaceum, Ralstonia solanacearum, and Bukholderia cenocepacia (Sudakevitz et al. 2004; Pokorná et al. 2006; Lameignere et al. 2008) . These soluble lectins are hypothesized to play a role in biofilm formation and cohesion and in host recognition . The role of PA-IIL (also called LecB) in biofilm formation has been recently demonstrated since a PA-IIL deficient bacterial strain produces a thinner biofilm than the wild strain (Tielker et al. 2005) and P. aeruginosa biofilm could be dispersed by glyco(fuco)peptide dendrimers targeting PA-IIL (Johansson et al. 2008) . Recent experiments on lung epithelial A549 cells demonstrated that PA-IIL is cytotoxic and that this effect is inhibited by fucoside (Chemani et al. 2009) . A PA-IIL-deficient P. aeruginosa mutant displays weaker attachment to A549 cells. In vivo assays were also conducted in the murine model, demonstrating the relationship between the lectin and the pathogenicity of P. aeruginosa (Chemani et al. 2009 ). When compared with PAO1 parental strain, the PA-IILdeficient mutant is more efficiently cleared from the lung and does not disseminate in blood due to a reduced increase in the alveolar barrier permeability.
The PA-IIL-like lectins demonstrate an unusual high affinity (micromolar range) for their monosaccharide ligands (Mitchell et al. 2005; Sabin et al. 2006) . They form dimers and tetramers that have the characteristics to bind sugar through bridging by two calcium ions (Mitchell et al. 2002) . The dimeric architecture is required for the binding since the C-terminus acidic group of one monomer participates in the calcium and carbohydrate binding of the other monomer. The lectins from this family bind both L-fucose and D-mannose, the preference depending on a stretch of three amino acids in the binding site (Adam et al. 2007) .
Three PA-IIL-like proteins have been identified in the genome of J2315 strain of Burkholderia cenocepacia, a strain that is responsible for epidemic infections among cystic fibrosis patients (Govan and Deretic 1996; Lyczak et al. 2002) . BC2L-A, the lectin coded by the shortest gene, has been recently characterized (Lameignere et al. 2008) . This lectin displays a strict specificity for mannosides with micromolar dissociation constant for the monosaccharide. The crystal structure of recombinant BC2L-A complexed with αMeMan was solved at 1.7Å resolution and displays some differences with other PA-IIL-like lectins. Whereas all previously characterized lectins in this family oligomerize as tetramer, BC2L-A is a homodimer. Glycan array data run at Consortium for Functional Glycomics on 240 mammalian glycans established a strong specificity of oligomannose-type N-glycans, with higher affinity for the ones presenting a terminal branched trimannoside αMan1-3(αMan1-6)βMan such as Man 3 -GlcNAc 2 and Man 5 -GlcNAc 2 .
Natural and synthetic neoglycoconjugates bearing mannoside residues have found widespread applications in the design of potent lectin-carbohydrate binding interactions which allowed better understanding of multivalent associations Roy 2007a, 2007b; Chabre and Roy 2008) . Moreover, an underlying mechanism explaining the enhance avidity of multivalent carbohydrates such as mannosylated glycodendrimers was rationalized in term of their intrinsic cross-linking ability with lectins possessing multiple binding sites (Dam et al. 2000 (Dam et al. , 2005 . For instance, oligomeric mannosides up to four residues were shown to provide positive entropy contributions upon binding to concanavalin A and Dioclea grandiflora lectins (Dam et al. 2000) . In addition, dimeric mannosides having flexible linkers were shown to possess higher affinities (by ITC) for both tetrameric lectins while showing different kinetics and organization pattern of the cross-linked lattices as shown by electron microscopy (Dam et al. 2005) .
We present here the characterization of the interaction between BC2L-A and fragments of mannose-type N-glycans as well as with synthetic analogs. The combined use of titration microcalorimetry and crystallography aimed at establishing the atomic basis of affinity. The thermodynamics and association mode depends not only on the number of mannose available but also on the rigidity of the linkers. The use of atomic force microscopy confirmed the unusual formation of molecular strings observed in the presence of the trisaccharide ligand.
Results

Comparison of trimannoside and synthetic dimannoside analogs
The specificity profile obtained from Glycan Array Data indicates that BC2L-A binds to oligomannose-type N-glycans (Lameignere et al. 2008 ). The two highest affinity oligosaccharides present the branched trisaccharide αMan1-3(αMan1-6)Man (TriMan) at their extremity. Glycans with branches capped by the αMan1-2Man disaccharide also appear to bind efficiently to the lectin. In addition to the TriMan trisaccharides and to the αMan1-2Man, αMan1-3Man, and αMan1-6Man disaccharides, synthetic divalent mannopyranosides 3 and 6 ( Figure 1 ) were also considered in order to evaluate the role of the linker's flexibility on the lectin's affinity together with their relative cross-linking abilities. To this end, we prepared dimannosides having 6-carbon linker using a single starting material for both, thus avoiding the usual low yields associated with diol bis-glycosylation (Scheme 1). Hence, starting with the known peracetylated propargyl α-D-mannopyranoside 1 (Mereyala and Gurrala 1998; Das et al. 2003; Touaibia et al. 2007 ), Glaser homocoupling according to a slight modification of the literature (Roy et al. 2001 ) afforded rigid dimer 2 almost quantitatively. Zemplén de-O-acetylation (NaOMe, MeOH) provided the desired ligand 3 which upon hydrogenolysis under the usual conditions (H 2 , Pd-C, EtOH) provided the flexible 6-carbon dimannoside 6 quantitatively. For comparison purpose, the corresponding rigid (5) and flexible (7) monovalent analogs were similarly prepared using propargyl methyl ether as the Glaser cross-coupling agent (Scheme 1).
Measurements of distances between mannoside residues at each extremities give values between anomeric carbons of 7.6Å for TriMan, 11Å for dimannoside 3, and 11.2Å for dimannoside 6. However, this latest one is very flexible and this value corresponds only to the most extended conformation.
Binding thermodynamics of oligomannosides and analogs
In order to asses the role of each mannoside in the interaction, the trisaccharide TriMan and the three disaccharides αMan1-2Man, αMan1-3Man, and αMan1-6Man have been tested by titration microcalorimetry, a method that is well suited for the characterization of protein-carbohydrate interaction (Dam and Brewer 2002) . The synthetic analogs were also assayed with the aim of analyzing the role of molecular flexibility on the thermodynamic of binding.
In all cases, the interaction results in strong exothermic peaks, indicating that the binding is enthalpy driven. The titration of BC2L-A by αMan1-2Man and αMan1-3Man displays the classical sigmoid shape with strong exothermic peaks at the beginning, getting smaller during the titration, and finishing by negligible peaks due to dilution effects at the end of the experiments (Figure 2A ). For the other ligands, an increase in the intensity of heat released is observed for the first 2-5 peaks, indicating a more complex behavior. SinceBC2L-A is a dimer with two ligand binding sites, such behavior was proposed to be due to a cooperativity effect, which might be related to a small change in a loop conformation associated with the first ligand binding (Lameignere et al. 2008) . It is possible to treat all microcalorimetry data with a cooperative two sites model, but for the present study which is intended to compare different mannosides, we focus on the "apparent" or mean affinity values and treated all curves with the one site model.
Fitting of the data on a one site model yielded the expected stochiometry value close to 1 (n = 0.8) per BC2L-A monomer for their binding to monosaccharide derivatives (αMeMan and 7) with micromolar affinity (K d = 2.7-4 μM). For 7 the free energy of binding ( G ≈ −30.8 kJ/mol) has a strong enthalpy component ( H = −16.2 kJ/mol), but the entropy contribution is also very favorable to the binding (T S = 14.6 kJ/ mol) and participates to 50% of the free energy of binding (Table I) . Such a thermodynamical behavior is unusual in the protein/carbohydrate interaction that classically present a E Lameignere et al. strong entropy barrier (Dam and Brewer 2002) , but has already been observed in this family of bacterial lectins where it has been proposed to be correlated with the direct involvement of the two calcium ions in the binding site (Mitchell et al. 2005) .
Among the three disaccharides with glycosidic linkages, αMan1-2Man has the lowest affinity (K d = 6.7 μM) and αMan1-3Man the highest one (K d = 2.6 μM) but the variations are not very strong and it seems that the natural disaccharides bind in a rather conservative way. The stoichiometry values are close to unity, indicating that these dimannose molecules are too short to create a bridge between two BclA proteins. The same behavior is observed for the trimannose, with a 1:1 ratio of binding. Indeed this molecule displays lower affinity with K d of 27 μM, which is difficult to rationalize since both αMan1-3Man and αMan1-6Man binds with 10-fold higher affinity. One possible reason could be that only extended conformations of TriMan could bind whereas folded ones also exist in solution (Imberty et al. 1990 ).
The two synthetic dimannosides have very different behavior. The most flexible one (6) presents affinity and thermodynamical behavior very similar to the one observed for αMan1-3Man with a dissociation constant of 2.8 μM and favorable enthalpy and entropy of binding. The stoichiometry of 0.8 indicates that no significant bridging occurs between two proteins. In contrast, the rigid synthetic dimannoside 3 presents a stochiometry close to 0.5 with a clear indication that both mannoside residues are bound to the lectin. The affinity is 10-fold better than the one measured for the flexible ligand with a K d of 220 nM. Analysis of the thermodynamic indicates a huge increase in enthalpy contribution ( H = −45.9 kJ/mol, corresponding to roughly twice the one for monomer) while the entropy is now unfavorable because of loss in degrees of freedom associated with clusters formation.
From the ITC data, it can therefore be inferred that among the dimannoside and trimannoside molecules tested here, only the one with a rigid linker between the sugar head, compound 3, yielded to clear clusterization of the Burkholderia lectin. Table I . Microcalorimetry data for BC2L-A dimers. All values are averaged over two experiments. Standard deviations are indicated in parentheses 
Crystal structures of BC2L-A in complex with dimannoside and trimannoside
Crystallization experiments were run with BC2L-A in complex with αMan1-2Man, αMan1-3Man, αMan1-6Man, TriMan, and synthetic dimer 3. Crystals were obtained after few weeks in the presence of αMan1-3Man and TriMan but not in the other conditions. The complex of BC2L-A with αMan1-3Man crystallized in P2 1 space group with two dimers per asymmetric unit (Table  II) . The data were collected to 1.75Å and the structure was solved by molecular replacement using the BC2L-A/αMeMan structure previously reported (Lameignere et al. 2008) . The Nterminal extremities exhibit some disorder and the first amino acids (4 to 9 depending on the chain) could not be included in the final model. The dimer of nine-stranded antiparallel β-sandwiches has been previously described and the present work will focus on the binding of αMan1-3Man. The disaccharide ligand was observed only in chains A and D. The two binding sites are very similar and the binding site of chain A is displayed in Figure 3A . The nonreducing mannose participates directly in the coordination of the Ca 2+ ions with hydroxyl groups O2, O3, and O4 in a similar fashion as previously observed for αMeMan and the contacts are listed in Table III . The reducing mannose does not establish additional contact with the protein, although it is close to His112. The side chain of this amino acid was demonstrated to adopt several conformations in the complex with αMeMan, whereas in the present structure, only the "open" shape is observed. However, due to packing effects, the reducing mannose of both ligands in the asymmetric unit makes contacts with the neighboring dimers, around a pseudo-2-fold axis close to the binding site. Hydrogen bonds are established between O2 and Asp20, and O6 and Arg22. The packing contacts do not seem to alter the conformations at the glycosidic linkages since values of (O5−C1−O1−C3) and (C1−O1−C3−C4) are close to 74
• and 113
• which correspond to a low energy conformation as determined by previous molecular modeling study (Imberty et al. 1989) .
BC2L-A complexed with the TriMan trisaccharide formed crystals that diffracted to very high resolution (1.1Å) in E Lameignere et al. space group P3 1 21. The content of the asymmetric unit is a monomer and the functional dimer is generated by the 2-fold axis. The structure was solved by molecular replacement using one monomer of the BC2L-A/αMeMan complex. Examination of the residual electron density revealed that the trisaccharide TriMan is present in the binding site and bridges two neighboring dimers. Since neighbor is generated by 2-fold symmetry, the electron density of the ligand is centered on this axis ( Figure 3B ). This is not compatible with the geometry of the ligand since the trisaccharide αMan1-3(αMan1-6)Man does not present a 2-fold axis. Further analysis demonstrated that 50% of the ligand is in one orientation (the Man of the 3-arm in one binding site and the Man of the 6-arm in the second one) and 50% in the reverse orientation. Refinement of such construction yielded to the final model that is displayed in Figure 3B .
When looking at the details of the contacts in each of the binding sites, it appears that the bridging of the trisaccharides results in an elongated shape. The conformation adopted by each of the glycosidic linkages corresponds to predicted low energy regions of the previously calculated ( , ) maps (Imberty et al. 1990 ). The third torsion angle of the 1-6 linkage (ω (C1−O1−C5−C6) ) adopts a gauche-gauche conformation, resulting in the most extended shape for the trisaccharides as previously described (Imberty et al. 1990 ).
The bridging position of the ligand results in a macromolecular architecture inside the crystal structure. Neighboring BC2L-A dimers share the TriMan ligand and are therefore assembled in an infinite chain ( Figure 4A ). No branching points can occur because of the dimeric character of the protein and the divalent properties of the ligand. To our knowledge, no such one-dimensional architecture has been observed previously in lectin crystal structures.
AFM analysis of the BC2L-A/oligosaccharide complex
The solutions of BC2L-A alone and in complex with TriMan and 3 were prepared at the same concentration and spread on mica surface to analyze the patterns by atomic force microscopy imaged under the same conditions. In the absence of ligand, all E Lameignere et al. images reveal the existence of big and widely spread aggregates ( Figure 5A ). The height of those aggregates is between 5 and 20 nm and their size is of a few hundred nanometers, corresponding to large spots of nonordered aggregated proteins. Similar images were obtained in the presence of the rigid dimannoside. In contrast, in the presence of TriMan, thin films with various densities were observed and Figure 5B evidences a structured film consisting in small filaments of BC2L-A/TriMan complexes. The height profile ( Figure 5C ) gives variation of 1.5 nm which is relevant with the size of the proteins in a dried state. Moreover, the lateral size of the observed filaments (below 20 nm) is also consistent with the imaging of couples of molecules with classical noncontact tip (tip radius better than 10 nm).
The filaments are mostly linear with no kinks and rare branching points. Their lengths vary between 20 and 200 nm, which would correspond to 4 and 40 trimannoside-bridged BC2L-A dimers in the arrangement observed in the crystal structure ( Figure 4A ). For example, the string identified by two arrows in Figure 5C is about 70 nm long, corresponding to 15 BC2L-A dimers. The kinks observed along the filament generate variations of directions of about 30
• . It is expected that the α1-6 linkage in the TriMan ligand can display some flexibility and generates such defects in the linearity.
Modeling of BC2L-A in complex with dimer 3
No crystals could be obtained for the complexes between BC2L-A and the synthetic dimannoside analogs. Similarly, observation by AFM did not identify a well-ordered structure. Since the ITC experiments demonstrated the bridging capacity of 3, a molecular model was built, starting from the crystal structure of BC2L-A complexed with αMeMan (Lameignere et al. 2008) . When locating one mannose residues of 3 in the binding sites of BC2L-A, the second mannose points far for the protein and could serve for anchoring another BC2L-A dimer, with no contact between the proteins on each side. Repeating this building procedure results in the "string" model displayed in Figure 4B . A comparison with the string observed in the crystal structure of BC2L-A/TriMan complex indicates that the orientations between neighboring dimers are completely different. Also, the extension of the string is higher in the BC2L-A/3 string, with no contact between neighboring dimers.
Discussion
Crystallography and AFM studies demonstrated that the dimeric BC2L-A has the potential to generate linear filament when in the presence of a cross-linking ligand such as the trimannoside ManTri. In the crystal state, this results in perfectly aligned succession of protein-carbohydrate-protein arrangement. The AFM study demonstrates that these filaments exist in solution with size up to few dozens of aligned dimers. AFM has been previously used for characterizing lectin-carbohydrate selfassemblies and a fisherman net pattern was observed for dimeric ConA interacting with trimannose synthetic ligand (Gour and Verma 2008) . The method appears to be well adapted for evaluating the shape and size of nano-architectures that can be obtained with lectins and ligands.
A comparison of cross-linking and thermodynamic behavior between flexible and rigid dimeric ligands was previously performed using model systems, i.e., the tetrameric legume lectins from Canavalia ensiformis (ConA) and Dioclea grandiflora (DGL) (Dam et al. 2000 (Dam et al. , 2005 . The first work demonstrated that dimers with short and rigid benzyl-based linkers bind both lectins with lower affinity than the ones with longer and more flexible spacers (Dam et al. 2000) . Indeed, compound 6 is the highest affinity dimannoside for DGL with K d of 9.5 μM, i.e., 20 times higher than αMeMan. These results were confirmed when using series of rigid and flexible dimmanosides, including compounds 3 and 6 on the same lectins (Dam et al. 2005) . For DGL, compound 6 is about five times higher affinity ligand than compound 3. For ConA, the tendency is similar with a 2-fold increase for the flexible ligand. Both ligands act as cross-linker as demonstrated by stoichiometry values in ITC and electron micrographs of resulting network.
The results are completely different in the present study where the rigid dimannoside 3 is a higher affinity ligand for BC2L-A than flexible dimannoside 6. Compound 3 displays an affinity of 220 nM that is 10 times higher than the one of compound 6. However, in the present case, the difference of affinity seems to result in a lack of cross-linking ability by flexible compound 6. Indeed, while compound 3 display stoichiometry below 0.5 and H value corresponding to twice the αMeMan one, compound 6 binds as a monomer. The same behavior is observed for natural ligand TriMan. Since both compounds 3 and 6, in their extended conformation, would present a distance of about 11Å between the two-mannose residues, the limitation is not due to the size. Instead, it could be proposed that flexible compound 6 has a tendency to fold on the BC2L-A structure and not to interact with neighboring proteins. In such case, a rigid linker presenting efficiently the second mannose far from the first binding site results in a higher cross-linking effect, and therefore higher affinity.
This phenomenon appears however to be time dependent since the TriMan ligand, which did not show cross-linking behavior in the time scale of ITC, appears to efficiently form macromolecular string in the few weeks condition of crystallization assays. The time scale of AFM study, few hours including mixing time and drying, is also sufficient for the compound to interact with neighboring molecules and to form strings. Other differences between solution assays and AFM/crystallization may be related to rearrangement of oligosaccharide conformation and/or activity of water that is different when solutions are getting more concentrated. In contrast, the rigid compound 3 immediately bridges two BC2L-A dimers, but only forms precipitate in crystallization assays. The specificity and affinity of lectin-carbohydrate interaction may therefore be correlated not only with the nature of the spacers but also with incubation times, as sometimes observed in plate-binding assays (Lewallen et al. 2009 ). Such a long-time kinetics effect may complicate the analysis of binding but could also be of importance in biological recognition processes wherein macroscopic equilibrium would favor one state over another, and thus ligand fine tuning selectivity. The role of soluble lectins of B. cenocepacia in the infection process has not been yet elucidated, but the bridging capacities demonstrated here could play a role in forming lattices or filaments between bacterial and host cells.
Material and methods
Cloning
The recombinant protein BC2L-A was cloned and expressed using the procedure previously described (Lameignere et al. 2008) . Briefly, the BCAM0186 gene was amplified by a polymerase chain reaction using genomic DNA from Burkholderia cenocepacia strain J2315 obtained from the Czech Collection of Microorganisms at Brno, as a template. The fragment corresponding to the protein was then introduced into pRSET-A vector (Invitrogen, Carlsbad, CA), resulting in plasmid pRSETbc2l-a.
Production and purification of recombinant BC2L-A protein in Escherichia coli
Using the expression plasmid pRSETbc2l-a, BC2L-A was expressed in Escherichia coli BL21(DE3). Cells were grown in 500 mL of Luria broth medium at 37
• C. When the culture reached an OD 600 of 0.6, IPTG (isopropyl β-thiogalactoside) was added to a final concentration of 0.5 mM. Cells were harvested after a 4-h incubation at 30
• C, washed, and resuspended in 15 mL of the equilibrating buffer (20 mM Tris/HCl pH 7.5, 100 mM NaCl and 100 μM CaCl 2 ). Then, cells were broken by cell disruption (Constant Cell Disruption System). After centrifugation at 50,000 g for 45 min at 6
• C, the supernatant was further purified by affinity chromatography on a D-mannoseagarose column (Sigma-Aldrich, St. Louis, MO). BC2L-A was allowed to bind to the immobilized mannose in the equilibrating buffer. After washing with the buffer (20 mM Tris/HCl, 1 M NaCl, and 100 μM CaCl2, pH7.5), it was eluted using 20 mM Tris/HCl, 100 mM NaCl, and 1 mM EDTA, pH 7.5. The purified protein was intensively dialyzed against distilled water containing CaCl 2 (5 mM) for 2 days, and against distilled water for a further 4 days, freeze-dried, and kept at −20
• C. BC2L-A is obtained with a typical yield of about 40 mg of the purified protein per liter of culture.
The resulting protein moved as a sharp band of about 14 kDa on SDS-PAGE. Mass spectrometry analysis confirmed the molecular mass of 13.764 kDa, corresponding to the BC2L-A amino acid sequence lacking the initial methionine residue.
Carbohydrate materials
The disaccharides and trisaccharides were purchased from Dextra Laboratories (Reading, UK). Dimannoside analogs 3 and 6 and their monomeric counterparts were synthesized as described in Scheme 1. All NMR spectra are given in supplemental material.
General Methods. All reactions in organic media were carried out under nitrogen, oxygen, and hydrogen atmosphere using freshly distilled solvents (Armarego and Perrin 1985) . After work-up, organic phases were dried over anhydrous Na 2 SO 4 . Evolution of reactions was monitored by thin-layer chromatography using silica gel 60 F 254 precoated plates (E. Merck). Optical rotations were measured with a JASCO P-1010 polarimeter. NMR spectra were recorded for solutions in CDCl 3 and D 2 O with a Varian Innova AS600 600 MHz and Varian Gemini 300 MHz spectrometer, respectively. Proton and carbon chemical shifts (δ) are reported in ppm downfield with internal reference of residual solvents (Gottlieb et al. 1997) . Coupling constants (J) are reported in Hertz (Hz), and the following abbreviations are used for signal multiplicities: singlet (s), doublet (d), doublet of doublets (dd) and multiplet (m). Analysis and assignments were made using COSY, DEPT, and HETCOR experiments. High-resolution mass spectra (HRMS) were carried out by the analytical platform of UQAM.
1 , 3, 4, (Roy et al. 2001) . In a mixture of prop-2-ynyl 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside 1 (Mereyala and Gurrala 1998; Das et al. 2003; Touaibia et al. 2007 ) (1.16 g, 3.00 mmol), CuCl (180 mg, 0.90 mmol, 0.3 equiv.) , and TMEDA (270 μL, 1.80 mmol, 0.6 equiv.) in DMF (15 mL) was bubbled O 2 at 40
• C for 4 h. Then, the reaction was quenched by the addition of EtOAc with a small portion of hexane. The solution was washed with 5% EDTA, water (2×), and brine. The organic layer was dried over Na 2 SO 4 and concentrated under vacuum. The residue was purified by silica gel column chromatography (CH 2 Cl 2 -acetone 9:1 v/v) to afford 2 as a white solid (1.15 g, 1.49 mmol, 99%). R f = 0.34, CH 2 Cl 2 /acetone 9:1; [α] 24 D + 62 (c = 1.0, CHCl 3 ); 1 H NMR (600 MHz, CDCl 3 , 22
• C): δ = 5. 30-5.24 (m, 6H, H-3,4,2) (Roy et al. 2001) . A solution of acetylated dimer 2 (515 mg, 0.67 mmol, 1.00 equiv.) in 1 M sodium methoxide in methanol (7 mL, pH 9) was stirred at room temperature until consumption of starting material. After 1 h 30 min, the solution was neutralized by the addition of ion-exchange resin (Amberlite IR 120, H + ), filtered, washed with MeOH, and the solvent was removed under pressure to give 3 as a white solid (289 mg, 0.66 mmol, 99% 88-3.62 (m, 10H, H-4,3,6a,6b,5) ; 13 C NMR (150 MHz, CDCl 3 ): δ = 99.9 (C-1), 75.7 (OCH 2 C≡C), 73.9 (C-5), 71.2 (C-2), 70.7 (OCH 2 C≡C), 70.6 (C-3), 67.2 (C-4), 61.4 (C-6), 55.8 ppm (OCH 2 1, hexane (6). The solution of dimer 3 (29 mg, 0.067 mmol, 1.00 equiv.) in ethanol (3 mL) was added one drop of acetic acid. A catalytic amount of palladium on carbon 10% (1 mg) was added to the solution. Hydrogen was bubbled into the solution until disappearance of the starting material (overnight). The reaction mixture was filtered, concentrated, and lyophilized, to give 6 as white solid (29 Na, 465.1942 , found, 465.1948 . To a mixture of prop-2-ynyl 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside 1 (580 mg, 1.50 mmol), 3-methoxyprop-1-yne (424 mg, 380 μL, 4.50 mmol, 3 equiv.), CuCl (46 mg, 0.45 mmol, 0.3 equiv.), and TMEDA (135 μL, 0.90 mmol, 0.6 equiv.) in DMF (7 mL) were bubbled O 2 at 40
• C for 4 h. Then, the reaction was quenched by the addition of EtOAc and a small portion of hexane. Na, 477.1367 Na, 477. , found, 477.1369 6-Methoxyhexa-2,4-diynyl α-D-mannopyranoside (5). A solution of 6-methoxyhexa-2,4-diynyl 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside 4 (200 mg, 0.44 mmol, 1.00 equiv.) in methanol containing 1 M sodium methoxide (MeONa/MeOH, pH 9, 10 mL) was stirred overnight under a nitrogene atmosphere at room temperature and then acidified using Amberlite IR-120 (H + ) resin. After filtration, the filtrate was concentrated and lyophilized, to afford 6-methoxyhexa-2,4-diynyl α-D-mannopyranoside 5 as yellow solid (126 (m, 5H, H-3,4,5,6a,6b) , 3.28 ppm (OCH 3 ); 13 C NMR (75 MHz, D 2 O): δ = 99.8 (C-1), 76.2, 75.5 (2 × C q , CH 2 C≡C), 73.8 (C-5), 71.1 (C-3), 70.8, 70.7 (2 × C q , CH 2 C≡C), 70.5 (C-2), 67.1 (C-4) 6-Methoxyhexyl α-D-mannopyranoside (7). A solution of 6-methoxyhexa-2,4-diynyl α-D-mannopyranoside 5 (40 mg, 0.14 mmol, 1.00 equiv.) in methanol (3 mL) was added one drop of AcOH. A catalytic amount of palladium on carbon 10% (1 mg) was added into the solution. Hydrogen was bubbled into the solution overnight. The reaction mixture was filtered, concentrated, and purified by silica gel column chromatography (H 2 O-CH 3 CN 1 to 3:97) to give 7 as a yellow solid (21 mg, 0.070 mmol, 50% 
Microcalorimetry
Titration calorimetry experiments were performed using Microcal VP-ITC microcalorimeter (Microcal, Northampton, MA). All titrations were performed in 100 mM Tris/HCl, pH 7.5, NSERC (Canada) for a Canadian Research Chair in Therapeutic Chemistry.
